The magnetization reversal of an array of 1 m squared FeGd dots has been studied by magnetic transmission x-ray microscopy ͑MTXM͒. A (4 Å Fe/4Å Gd)ϫ75 multilayered FeGd system has been prepared on a 30 nm thin Si 3 N 4 membrane by sputtering and structured by optical lithography and ion beam etching techniques. Both the domain structure within each single dot and the collective switching behavior could be observed with MTXM. A large variation in the nucleation field of the dots was found and can be attributed to the shape of the dots. A correlation between the nucleation field and the perimeter of each dot could be deduced. Hysteresis loops of individual dots are derived, taking into account the proportionality of the dichroic contrast to the magnetization of the sample. The stepped profile of the magnetization loop of a single dot is found to be clearly distinct from a continuous film. The high lateral resolution and the possibility to record the images in varying external magnetic fields proves that MTXM is a highly adapted tool to investigate nanostructured magnetic systems.
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With regard to future magnetic devices like magnetic random access memories ͑MRAMs͒ or high-density magneto-optic data storage the domain structure of small magnetic elements is of high interest. Particularly absorbing is the magnetization reversal of complete arrays of such structures. For application in devices magnetic dots should switch repeatably at a defined field and independently from each other, but imperfect composition and structure of real systems as well as magnetic interaction between the dots can easily prevent the desired behavior. Therefore, to investigate the actual magnetization reversal imaging in applied external magnetic fields is essential. Here we demonstrate that the novel technique of magnetic transmission x-ray microscopy ͑MTXM͒ 1 combines a high spatial resolution with the possibility to image in varying external magnetic fields and is therefore highly adapted to study nanostructured magnetic systems.
The x-ray magnetic circular dichroism ͑XMCD͒, i.e., the dependence of the absorption of circularly polarized x-rays on the projection of the magnetization in ferromagnetic samples onto the photon propagation direction, can be used as a large and element-specific magnetic contrast mechanism in transmission x-ray microscopy ͑TXM͒.
1,2 The images presented here were taken at the full field transmission x-ray microscope 3, 4 at BESSY I in Berlin. The instrument uses zone plates for the condenser and objective elements and is able to distinguish feature sizes of 30 nm. 5 By partly masking the condenser zone plate an illumination with elliptically polarized x rays with an estimated degree of circular polarization of about 60% has been obtained. A solenoid allows to apply external magnetic fields up to 2 kOe to the sample. This is possible during imaging, due to the fact that MTXM detects photons. In the soft x-ray regime below 1 keV the penetration depth of x rays in matter limits the sample thickness to about 100 nm, which, however, matches the thicknesses of technologically relevant thin magnetic films. A multilayered (4 Å Fe/4Å Gd͒ϫ75 system has been prepared by dc magnetron sputtering with argon of 7 Ϯ10 Ϫ4 mbar as sputter gas. To ensure a sufficiently high transmission of the soft x ray a 30 nm thick Si 3 N 4 membrane was used as substrate. As the imaging takes place under ambient conditions the film was protected against corrosion by an 8 nm thick Al layer. With optical lithography and ion beam etching a lattice of square dots with a nominal size of 1 m by 1 m and a periodicity of 2 m has been structured. The magnetic behavior of the equivalent unstructured system has been studied in detail previously. 6 The magnetization loop taken with a magnetometer using the magnetooptical Kerr effect ͑MOKE͒ suggests a perpendicular magnetization, a nearly reversible domain wall motion and a zero remanence. On the microscopic scale MTXM has been used to image the field dependent domain structure of the continuous system. Zero-field stripe domains with a mean width of 113 nm could be observed. The system shows either a maze domain pattern or nearly parallel stripes dependent of the magnetic history. The aim of this study was to determine the influence of the lateral structuring on the magnetization reversal process of the system. The MTXM images have been recorded at the iron L 3 absorption edge at 706 eV. Figure 1 shows a series of images obtained at distinct applied magnetic fields. The array of 16 dots presented here is only a part of the whole dot array. The dots have a nonuniform size and shape that can be traced back to the imperfect optical structuring process. The light and dark structures in the dots indicate the direction of the local iron magnetization in and out of the film plane. As starting condition a field of 700 Oe was applied perpendicular to the film plane to saturate all dots in the ''dark'' direction. The image in Fig. 1͑a͒ has been taken after lowering this field to 84 Oe. In four of the dots nucleation has occurred, which can be seen by light structures. By further decreasing the field reversed domains nucleate in more and more dots ͓Figs. 1͑b͒-1͑d͔͒. Finally, at 9 Oe ͑before the sign of the applied field is reversed͒ all dots are ''switched,'' i.e., are split up into domains ͓Fig. 1͑e͔͒. However, as a consequence of the maze pattern, which has been observed in the unstructured system, each dot shows an individual domain pattern. A variation from the maze pattern occurs only at the borders of the dots, where a closed stripe domain along the rim can be observed.
Continuing the magnetization cycle by increasing the field after saturation the individual dots switch in the same sequence as before. The order of switching could be reproduced in different magnetization cycles. Figure 2 visualizes the switching characteristic of the system. Here the number of switched dots in an array of 30 dots ͑it should be noted that this number is not equivalent to the magnetization͒ is plotted versa the ''switching field,'' defined as the field, where nucleation takes place in a dot. This field varies within the dots of the array in a range of 200 Oe. Coming from saturation and following the measured direction, indicated by arrows, Fig. 2 shows that only 10% of the dots switch within the first 100 Oe whereas 90% switch within the second 100 Oe. The curve is symmetric to the origin, which reflects the fact that every individual dot switches at a certain fixed value of the external magnetic field, independent of the sign of the applied field.
In the light of future applications it is decisive to know which factors determine the value of the switching field. One potential explanation for the broad distribution of this field could be an inhomogeneous composition of the sample. Within the investigated area of 10 m by 10 m the film as well as the substrate can be regarded as homogeneous, as studies of the domain structure of the equivalent unstructured system have shown. 6 It is therefore sounder to search an explanation in the structuring of the system, particularly as the dots vary in their area and their shape. A quantitative analysis showed that there is no correlation between the switching field and the area of a dot. To characterize the irregular borders of the elements, their fractal dimension was determined with the method of Richardson.
7 Therefore the footage of the rim was measured with different scales between 50 and 950 nm but the fractal dimension of the rim and the switching field were shown to be uncorrelated. Finally the perimeters of the dots were compared with the switching field. A good linear correlation between these two quantities could be found. The data presented in Fig. 3 show that dots with a larger perimeter have a lower switching field than those with a smaller perimeter. The perimeter of the dots seems therefore to be an important parameter in the aim to get a narrow distribution of the switching field in future magnetic devices.
As the XMCD effect is proportional to the local magnetization of the absorber, element-specific magnetization loops even of small areas of the sample can be deduced. Figure 4 shows an example of a single dot hysteresis loop. The presented dot can also be found in the third column and second row of Fig. 1 . The magnetization reversal of a typical dot takes place in three steps: Reaching the switching field ͑here 24 Oe͒ the initially saturated dot changes quickly in a state with nearly compensated magnetization. This state is relatively stable, as can be seen even better in Fig. 1 at dots with a higher switching field. For example the dot in the second column and second row shows apart from small wall motions between 84 and 69 Oe ͓Figs. 1͑a͒ and 1͑b͔͒, a stable domain pattern over a large range of external magnetic fields ͓Figs. 1͑c͒-1͑e͔͒. A plateau in the hysteresis loop of Fig. 4 reflects the stability of the remanent state. The second step in this curve corresponds to the transition between stripe and bubble domains. As the dimension of a dot is in the order of the domain size ͑about three times the periodicity of the stripe domain pattern͒ microscopic changes of the domain structure directly change the magnetization loop. This is also true for the third step in the hysteresis curve, which is generated by the collapse of the bubble domains. Here, however, the changes in the magnetization are moderate as the domain along the rim is still present and shrinks only gradually.
To summarize the field-dependent domain structure of single dots and the collective switching behavior of a microstructured FeGd dot array has been studied with the novel technique of magnetic transmission x-ray microscopy. It could be observed that the dots switch in a defined and reproducible order. The field, however, where nucleation takes place shows a large variation from dot to dot. It has been found that this field scales with the perimeter of the dot. The elements in future magnetic devices should therefore have a uniform shape, i.e., the same perimeter, to reach the aim of a switching field with a narrow distribution. The proportionality of the XMCD contrast to the local magnetization of the sample allowed deducing hysteresis loops of individual dots. The influence of the limited size of a dot can clearly be seen in the stepped profile of the magnetization curve, generated by microscopic changes in the domain pattern. The presented results demonstrate that particularly the combination of a high spatial resolution of 30 nm and below 8 with the possibility to image in varying external magnetic fields makes MTXM a highly adapted tool for the investigation of technologically important nanostructured magnetic systems.
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